To better understand how innate and adaptive immune responses interact with each other, we combined 4-1BB T cell costimulation with specific adjuvants to determine whether these treatments would influence specific T cell expansion and function in vivo. In the presence of 4-1BB ligation and Toll-like receptor 3 (TLR)3 and͞or TLR4 triggering, CD8 T cell clonal expansion and survival was augmented profoundly. Specific T cells primed in vivo with TLR ligands responded normally to in vitro recall stimulus, but, surprisingly, copriming with 4-1BB costimulation significantly impaired the recall response even though many more specific effector T cells were rescued in vivo. Here, we demonstrate that the rescued CD8 T cells suppressed CD4 T cell proliferation via a type ␤ transforming growth factor-dependent mechanism. Thus, 4-1BB and TLR ligands induce survival of specific effector CD8 T cells with suppressive recall potential, which may explain the dual role that 4-1BB activation plays in mediating tumor clearance and prevention of autoimmune disease.
T he activation-inducible T cell costimulatory receptor 4-1BB (also referred to as CD137) operates downstream of CD28 and is unique in its pattern of stimulation as compared with CD28. For example, 4-1BB is expressed earlier on activated CD8 than on CD4 T cells in vivo (1) . Recently, it was shown that 4-1BB is expressed on dendritic cells but reported to be down-regulated after dendritic cell activation via CD40 ligation (2, 3) . However, the function of 4-1BB on dendritic cells is not clear at this time (4) . In contrast to CD28, 4-1BB is more effective at stimulating effector T cells than naïve T cells (5) . Although it is clear that anti-4-1BB is very capable of stimulating CD4 T cells in vitro as well as CD8 T cells (6) , it is evident that postactivation, 4-1BB-induced T cell survival preferentially occurs within the CD8 subpopulation (1, 7) . Specifically, ligation of 4-1BB on activated CD8 T cells promotes in vivo long-term-specific T cell survival in the CD8 but not the CD4 compartment (1) . This feature was not observed with other costimulatory molecules (8, 9) . Thus, there appears to be specialized function unique to individual costimulatory molecules expressed on T cells.
The data presented in this article suggest that ligands specific for 4-1BB could be used therapeutically to generate potent vaccines, and based on data from several other groups, it is clear that the 4-1BB-stimulated T cells can effectively carry out effector functions (10) (11) (12) . For example, 4-1BB has been shown to mediate eradication of established tumors and heighten cytokine secretion, proliferative capacity, and cytotoxic T lymphocyte activity. Thus, 4-1BB-costimulated T cells may serve as excellent effector cells endowed with extended longevity in vivo.
The view that 4-1BB costimulates T cells in a productive manner has been complicated in two recent observations. First, it was shown that 4-1BB-deficient T cells are hyperresponsive to mitogens compared with WT T cells (13) . Second, it was demonstrated that an agonist mAb specific to 4-1BB, which enhances tumor rejection in mice, also was capable of suppressing T-dependent humoral immunity (14) . A similar finding was reported when it was observed that agonistic anti-4-1BB mAbs were able to ameliorate experimental autoimmune encephalomyelitis (15) . Because ligation of 4-1BB on T cells has been shown to enhance memory pools of influenza-specific CD8 T cells and broaden primary CD8 responses (7, 16) , it is unclear how 4-1BB-mediated signals inhibit CD4 ϩ T helper function that drives T-dependent antibody responses.
In this article, we show that Toll-like receptor (TLR) ligands and 4-1BB costimulation massively enhanced specific T cell clonal expansion in vivo but profoundly suppressed T cell recall responses. Neither addition of IL-2 nor extremely high or low levels of recall stimulus were able to inhibit suppression. It is shown that the 4-1BB-rescued CD8 T cells exerted suppressive effects on CD4 T cells and in vivo depletion of CD8 cells permitted rescue of specific CD4 T cells costimulated by 4-1BB. To elucidate the mechanism(s) that account for this form of suppression, we show that neutralization of transforming growth factor type ␤ (TGF-␤) could block suppression without having to deplete CD8 ϩ T cells. These data show that triggering 4-1BB and TLR can generate effector CD8 T cells possessing suppressive recall function.
Materials and Methods
Mice, Reagents, mAbs, and Treatments. B10.A, C57BL͞6, and B10.BR mice were purchased from the National Cancer Institute (Frederick, MD) or The Jackson Laboratory. All mice were maintained under pathogen-free conditions in accordance with federal guidelines.
Staphylococcal enterotoxin A (SEA) and ovalbumin (Ova) were purchased from Sigma and were administered as i.p. injections in balanced salt solution (BSS). For part of the data in Fig. 5 , which is published as supporting information on the PNAS web site, www.pnas.org, Ova was decontaminated away from lipopolysaccharide (LPS), but this was found not to influence our data at all. Anti-CD4, -CD8, and -CD11a flow cytometry staining mAbs were conjugated to either FITC, phycoerythrin, or allophycocyanin and purchased from PharMingen. The anti-T cell antigen receptor V␤3 mAb [KJ25-607.7 (17) and anti-CD3 (145 2c11; ref. 18)] were purified from hybridoma supernatant over protein G agarose (Life Technologies, Grand Island, NY). The mAbs were conjugated to FITC as described (19) . BrdUrd was purchased from Sigma, and murine IL-2 was purchased from Intergen (Purchase, NY). The anti-TGF-␤ mAb 1D11.16 and control Ig KG7 were kind gifts of Bruce Pratt and Steve Ledbetter (Genzyme; ref. 20) . Tetramers for SIINFEKL specificity were a kind gift of Leo Lefrancois (University of Connecticut Health Center).
All injections were i.p., and day 0 was the time in which SEA or Ova was injected. T cells were stimulated in vivo with 3H3 mAb, which is an agonist rat mAb specific for murine 4-1BB (11, 21) . As a control, rat IgG (Sigma) was used in place of anti-4-1BB. These antibodies were mixed separately with SEA or Ova and injected on day 0. The dose of SEA was 0.15 g and Ova was 1 mg, and the dose of anti-4-1BB or rat IgG was 25 g unless stated otherwise. The injections typically were given in 200 l of sterile BSS. LPS and polyinosinic⅐polycytidylic acid (PIC) were purchased from Sigma and were injected at 20 and 150 g, respectively.
Cell Processing and Flow Cytometry. Spleens and peripheral lymph nodes (LNs) were teased through nylon-mesh sieves (Falcon; PharMingen). Red blood cells were lysed with ammonium chloride. Our procedure for liver cell analysis has been described (22) .
For two-, three-, and four-color flow cytometry, cells were incubated on ice with 5% normal mouse serum, culture supernatant from 2. 4 Cell Purification and Depletion. CD8 T cells were isolated by negative selection by using CD8 cell-enrichment columns from Cedarlane Laboratories.
Depletion of CD8 T cells was accomplished by positively selecting CD8 T cells away from LN and spleen cell populations. Whole LN and spleen cells were combined, washed, RBC-lysed, and incubated on ice for 30 min with rat anti-mouse CD8 mAb (PharMingen). At a ratio of 4:1, sheep anti-rat IgG beads were added to the cells for a secondary incubation (Dynal, Great Neck, NY). The cells and beads were placed onto a magnet apparatus (Dynal) for 2-5 min. The cells not attached to the magnet were purged of CD8 T cells and washed several times before being placed into culture. Typically, we find that Ͻ1% of T cells in the final population bear CD8 after this procedure.
In vivo depletion of CD8 T cells was accomplished by injecting either 1 mg of anti-CD8 mAb 53-6.72 or 100 g of anti-CD8 depleting mAb from Cedarlane Laboratories. For a control, rat IgG was used in place of the CD8-depleting mAb at the same concentration. Two injections of the depleting mAbs were given on days Ϫ5 and Ϫ2, and SEA was injected on day 0 with anti-4-1BB. CD8 depletion was confirmed by flow cytometry, and typically Ͻ2% of cells were CD8 ϩ at the time of assay on day 7.
Results
It is known that injection of peptides or superantigens into mice leads to significant clonal expansion followed by peripheral deletion of the responding T cells (25) (26) (27) (28) . We have shown that, unlike other costimulatory signals, 4-1BB stimulation blocks peripheral deletion of superantigen-specific CD8 T cells in vivo (1) . It also has been demonstrated that activators of innate immunity such as the TLR ligands LPS and PIC can interfere with peripheral T cell deletion (29, 30) . Therefore, we were interested in combining the functional capacity of both strategies to study the interplay between innate and adaptive immunity. It was hypothesized that the combination may lead to synergistic rescue of specific T cells, thereby being the basis for a very effective vaccination strategy for infectious pathogens and tumors.
C57BL͞6 mice were treated with Ova, the TLR-3-specific ligand PIC (31) , and an agonist mAb specific to 4-1BB (21) . Control mice were given Ova ϩ rat IgG, Ova ϩ anti-4-1BB, or Ova ϩ PIC, and during a time course we stained peripheral blood lymphocytes for CD8, CD11a, and for SIINFEKL tetramer specificity to quantify activated Ova-specific CD8 T cells (Fig. 5 , which is published as supporting information on the PNAS web site). Analyzing CD11a hi cells confirms that they were activated and were not unstimulated SIINFEKL-specific CD8 T cells. The effect of anti-4-1BB and PIC on Ova-specific CD8 T cells was very significant when compared with Ova ϩ IgG primed mice, which generated few tetramer ϩ cells (Fig. 5a ). This marked synergistic effect is shown on day 7, where TLR3 and 4-1BB triggering is at least severalfold higher than either agent alone with Ova. Nevertheless, there appeared to be a reduction in T cell numbers; however, we hypothesized that this may reflect migration of T cells from blood into other tissues. To address this issue, we examined spleen and liver 40 days after injection and found that the 4-1BB and PIC combination enhanced accumulation of tetramer CD11a hi CD8 T cells to a much higher level than any other combination (Fig. 5b) .
To test this hypothesis in a different model, B10.A or B10.BR mice were injected with the superantigen SEA, which specifically stimulates T cell receptor V␤3-bearing T cells, and these mouse strains typically contain Ϸ3% CD8 V␤3 and 6% CD4 V␤3 T cells (data not shown). SEA was injected with various combinations of anti-4-1BB mAb, or control IgG, with TLR ligands, and 3 and 10 days after immunization the percentage of spleen CD4 or CD8 V␤3 T cells was detected by flow cytometry (Table 1) . In all cases, the presence of an adjuvant effect above that of SEA with control IgG enhanced day-3 clonal expansion and day-10 rescue from deletion in both CD4 and CD8 SEA-specific populations. The maximal level Three and 10 days after immunization, spleen cells were assayed for the presence of CD4, CD8 V␤3 T cells by flow cytometry. Data are mean percent Ϯ SEM from the combination of three independent experiments for a total of six mice at each time point.
of expansion and rescue of CD4 V␤3 T cells was achieved in the LPS͞PIC͞4-1BB-stimulated group. On day 10, there was an Ϸ7.5-fold increase in the percentage of CD4 V␤3 T cells over SEA͞IgG and a 3.5-fold increase over SEA͞anti-4-1BB. Therefore, the adjuvants enhanced the effects of 4-1BB costimulation on the SEAresponsive CD4 population.
In the CD8 population, there was profound rescue from deletion on day 10 ( Table 1 ). The combination of LPS͞PIC and 4-1BB costimulation yielded 38.48% CD8 V␤3-bearing T cells on day 10, which is a 21-fold increase over SEA͞IgG and a Ͼ2-fold increase when either the adjuvants or 4-1BB costimulation is negated. Perhaps the most significant result in analyzing the CD8 population was the low amount of deletion in the adjuvant͞4-1BB groups between the clonal expansion phase, observed on day 3 to the deletion point observed on day 10.
The functional capacity of the rescued T cells was examined by using the day-10 spleen cells from Table 1 . Cells from all groups were seeded equally into wells and serially diluted 2-fold. The percentage of T cell antigen receptor V␤3 ϩ T cells was measured by flow cytometry so that an accurate count of SEA-specific T cells could be enumerated in each well (x axis). A saturating amount of SEA was added in the wells, and on day 3, [ 3 H]thymidine was added for the last 8 h of incubation (Fig. 1) . The SEA͞LPS-primed cells incorporated [ 3 H]thymidine in response to SEA as we observed in the past (29) . Perhaps unexpectedly, however, we found that copriming SEA͞LPS mice in vivo with anti-4-1BB significantly impaired the recall response (Fig. 1a) . This was true when the magnitude of the response was evaluated as well as when counts were analyzed on a V␤3 T cell basis. 4-1BB costimulation inhibited the PIC-primed cells and the LPS͞PIC-primed cells as well ( Fig. 1  b and c) .
The data in Fig. 2a show that this effect was not limited to adjuvant primed cells because spleen cells from 7 days earlier with SEA proliferated vigorously to recall SEA, but proliferation was almost eliminated when the mice were coprimed with anti-4-1BB. Even cells taken from normal mice, which are likely to be naïve, incorporated much more [ Fig. 1 . TLR3-and TLR4-specific adjuvants do not prevent the 4-1BB-suppressed recall proliferative response. Mice were immunized as stated in Table 1 , and on day 10 spleen cells from SEA͞LPS (ᮀ) and SEA͞LPS͞anti-4-1BB (s) (a), SEA͞PIC (E) and SEA͞PIC͞anti-4-1BB (F) (b), and SEA͞PIC͞LPS (‚) and SEA͞PIC͞LPS͞anti-4 -1BB (OE) (c) mice were compared in a 3-day [ 3 H]thymidine incorporation assay as described in Materials and Methods. The x axis shows the number of V␤3 T cells (SEA-specific) in each well. Each line represents cells from one mouse, and the data points are mean Ϯ SEM from triplicate cultures. These experimental results are comparable to the results from another identical experiment. contrast to the proliferative capacity of cells taken from the same mouse strain but primed in vivo with SEA and anti-CD40 (32) .
An explanation for the lack of proliferation in this system may stem from the possibility that the CD8 T cells either consume the majority of IL-2 produced and fail to proliferate, or IL-2 was not produced in appreciable amounts. We tested this notion by adding a saturating amount of IL-2 (0.1 g͞ml) at the beginning of culture, thereby circumventing these effects. To ensure that there were saturating amounts of IL-2, we demonstrated by ELISA that IL-2 was readily detectable at the end of culture (data not shown). In cultures that contained cells taken from day-5 SEA͞rat IgG-treated mice, IL-2 alone led to very robust proliferation (Fig. 2b) , and adding SEA made little difference, further demonstrating that the amount of IL-2 was saturating (data not shown). This is in contrast to cells taken from day-5 SEA͞anti-4-1BB-treated mice. Although these cultures contained saturating amounts of IL-2, there was no increase in proliferation even as more cells were added to the culture (Fig. 2b) . Therefore, we conclude that IL-2 consumption is not a feasible explanation for the lack of proliferation and neither is competition for SEA because SEA was not included in these cultures. Additionally, anergy or Ag-induced nonresponsiveness is not a viable explanation because the 4-1BB-primed cells proliferated poorly in response to IL-2 as cell density was increased, which would not be expected if these mechanisms were operating (33, 34) .
Another possibility suggested that one T cell subpopulation inhibited the other from responding. To test this idea, we generated lymphocyte cultures taken from mice that were immunized with SEA Ϯ anti-4-1BB 5 days earlier. The lymphocytes were purged of CD8 T cells and then restimulated in vitro with SEA. As expected, it is shown that undepleted lymphocytes from the SEA͞anti-4-1BB mice proliferated poorly in vitro in response to SEA (Fig. 2c) . In contrast, nondepleted cells from untreated animals proliferated robustly as did nondepleted cells from mice injected with SEA alone. These data are consistent with the fact that lymphocytes from SEA͞anti-4-1BB mice make very little IL-2 compared with cells taken from SEA alone or untreated mice (data not shown).
In contrast, results from Fig. 2d demonstrate that CD8-depleted day-5 SEA͞anti-4-1BB cells responded vigorously to recall SEA. In fact, responsiveness was very similar to the nondepleted cell populations from untreated and mice treated with SEA alone (Fig. 2c) . The effect of CD8 depletion in cells taken from SEA͞anti-4-1BB mice is very evident when one compares cpm levels between Fig. 2 c and d . This is in direct contrast to untreated or SEA-treated cell populations. Furthermore, IL-2 production was enhanced when CD8 T cells were depleted in the SEA͞anti-4-1BB population compared with no depletion, which was not observed in the SEA-alone group (data not shown). These data demonstrate that CD4 T cells derived from SEA͞anti-4-1BB mice were not anergic when restimulated with SEA in vitro in the absence of CD8 T cells as shown by their ability to incorporate [ 3 H]thymidine.
To examine how the CD8 T cells suppress the CD4 T cells, we developed a CD8 ''swapping'' assay, where various populations of purified CD8 T cells were combined with CD8-depleted day-5 SEA͞4-1BB-primed cells. Thus, the CD8-depleted population contained their normal constituency of antigen-presenting cells and CD4 T cells, and the numbers of these cells were the same in each culture. The data show adding SEA alone with no CD8 T cells resulted in a substantial accumulation of blasting CD4 V␤3 T cells in the cultures (Fig. 3a) . Cells were determined to be blasting based on forward scatter by comparison with the same cell population in normal mice. Consistent with the data in Fig. 2 c and d , addition of purified CD8 T cells taken from the SEA͞anti-4-1BB day-5 mice resulted in profound inhibition of blasting CD4 V␤3 T cell numbers (Ͼ6-fold decrease). This was also the case for the percentage of blasting CD4 V␤3 T cells (data not shown). CD8 T cells from untreated normal mice were used as a comparison and demonstrated to possess no suppressive effect unlike the same cells that had been primed with SEA and anti-4-1BB.
In a second assay, we tested whether the CD8 populations exerted a suppressive effect on SEA-driven CD4 T cell proliferation. Because [ 3 H]thymidine incorporation does not distinguish between CD4 and CD8 T cells, blasting or resting, we chose BrdUrd incorporation as a more accurate and specific assay to examine whether the blasting CD4 T cells were blocked from proliferation. The data show that SEA plus purified CD8 T cells from normal mice or no CD8 T cells led to a significant percentage of blasting CD4 T cells incorporating BrdUrd (Fig. 3b) . However, addition of SEA and purified CD8 T cells taken from day-5 SEA͞anti-4-1BB mice inhibited BrdUrd incorporation by almost 50%.
Based on these in vitro experiments, we designed an in vivo experiment to test the hypothesis that 4-1BB-primed CD8 T cells may exert a suppressive effect on CD4 T cells in vivo. Mice were, or were not, depleted of CD8 T cells and then immunized with SEA͞anti-4-1BB. On day 7 after immunization, spleen cells were analyzed for the presence of CD4 V␤3 T cells. There was an Ϸ2-fold increase in the percentage of CD4 V␤3 ϩ spleen T cells in CD8-depleted mice vs. intact animals (Fig. 4a) . Also, statistical analysis for this data showed that in a two-tailed, nonpaired Student's t test, the probability value was 0.030, demonstrating that the difference between the groups is statistically significant.
We tested whether CD8 depletion in vivo would rescue the in vitro recall responsiveness. The data in Fig. 4b show that no depletion in vivo led to suppressed in vitro recall responses compared with cells taken from mice in which CD8 T cells were depleted. Collectively, these data show that suppressed recall responsiveness because of 4-1BB can be rescued if CD8 T cells are removed either ex vivo or in vivo before in vitro restimulation with SEA (Figs. 2d and 4b) .
Because we established that CD8 T cells derived from 4-1BB͞ SEA-stimulated mice possess the ability to suppress CD4 T cell responses, we were interested in studying the mechanism of how the CD8 T cells mediated CD4 T cell unresponsiveness. We hypothesized that antiinflammatory cytokines such as IL-4 or TGF-␤ may suppress SEA-driven proliferation. We did not detect IL-4 in supernatants taken from cell cultures derived from populations of SEA͞anti-4-1BB-injected mice (data not shown). On the other hand, TGF-␤ was detected, but in all cultures, regardless of the cellular constituents. This may be complicated by the fact that TGF-␤ is present in FCS, can be membrane-associated and released after apoptosis, and requires acidification for activity (35) . Therefore, we tested a direct role for active TGF-␤ by first neutralizing this cytokine with a mAb that blocks chronic erosive polyarthritis and inflammatory cell accumulation (36) . Neutralization of TGF-␤ in restimulation cultures containing SEA͞anti-4-1BB-primed cells (without CD8 depletion in vivo) significantly enhanced proliferation by severalfold (Fig. 4b) . Second, we found that SEA-mediated recall proliferation of SEA͞anti-4-1BB͞LPS-primed cells also was rescued in the presence of neutralizing anti-TGF-␤ (Fig. 4c) .
Discussion
Our data show that signaling through TLRs had immune-boosting effects in vivo, and in vitro recall responses were potent, consistent with earlier reports (29) . Combining TLR triggering with 4-1BB costimulation led to massive, specific CD8 T cell clonal expansion and survival ( Fig. 5 and Table 1) , which was as robust as with other T cell costimulatory receptors such as OX40 and CD40 (9, 32, 37) . Surprisingly, in vivo inclusion of costimulation through 4-1BB dampened the magnitude of the in vitro recall proliferative response and, based on a specific cell-to-cell basis, profoundly inhibited proliferation by severalfold (Fig. 1) . Thus, it is shown that 4-1BB costimulation with, or without, TLR triggering generates effector CD8 T cells, which possess potent suppressive function.
T cell costimulation through 4-1BB results in T cell effector responses marked by proliferation, cytokine production, and cytolytic activity (10) (11) (12) . Recently, however, several studies have documented surprising episodes of inhibitory activities after 4-1BB costimulation or the lack thereof. In particular, 4-1BB-deficient T cells are hyperresponsive to mitogens such as Con A and anti-CD3 (13), and agonist 4-1BB mAb has been shown to ameliorate experimental autoimmune encephalomyelitis even though the same mAb enhances tumor rejection (15) . Our goal was to uncover a mechanism of suppression and distinguish between an active vs. cell-autonomous process.
In the last few years, there have been reports documenting the existence of Tr1 cells that produce antiinflammatory cytokines (38) . These cells are CD4 ϩ and typically express CD25. We tested a role for Tr1 cells in our system by staining for CD25 on SEA-specific cells and did not find any evidence for their presence during culture (data not shown). We also found that depletion of CD4 T cells from cultures did not enhance proliferation (data not shown). However, in contrast to CD4 T cell depletion, we found that depletion of CD8 T cells rescued the proliferative response (Fig. 2 c compared with  d) . This was surprising because others have shown, using the same type of [ 3 H]thymidine incorporation assay, that previously activated CD8 ϩ T cell clones respond vigorously to SEB (39) . Our in vivo CD8-depletion experiments confirmed this idea because rescue of CD4 V␤3 T cells was enhanced in the presence of 4-1BB costimulation and SEA immunization (Fig. 4a) . This is consistent with another study demonstrating that some of the superantigen deletion observed in vivo is CD8-driven, CD95-based death (40) , but, importantly, our study shows that 4-1BB costimulation does not directly lead to CD4 T cell deletion. These data show that 4-1BB-induced CD4 T cell deletion in vivo depends on CD8 T cells.
To uncover further the mechanism of how CD8 T cells were mediating suppression, we demonstrated that the effects were directed against CD4 T cells. SEA-specific CD4 T cells responded vigorously when mixed with CD8 T cells taken from normal mice or not offered CD8 T cells at all, but purified CD8 T cells from SEA͞4-1BB-primed mice suppressed CD4 T cell blastogenesis and entry into the cell cycle (Fig. 3) . Each culture can be compared with each other because all cultures contained the same number, and constituency, of responding CD4 T cells. Competition for SEA is an unlikely explanation for the suppressive effect because normal CD8 T cell populations contain Ϸ3% V␤3-bearing cells, and, yet, normal CD8 T cells did not suppress CD4 T cell responses at all. Additionally, the data in Fig. 2a show that saturating amounts of SEA could not rescue the response.
A possible explanation for these results is the release of a suppressive factor, which may inhibit activation and, thus, cellular division. For example, it was shown recently in an elegant series of studies that TGF-␤ is released from cells undergoing apoptosis, contributing to an immunosuppressive environment (35) . Specifically, apoptotic cells release latent as well as bioactive TGF-␤ but, nonetheless, do not necessarily up-regulate TGF-␤ mRNA during .BR mice were given either CD8-depleting or rat IgG control mAb and then immunized with SEA and anti-4-1BB. Seven days after immunization, spleen cells were stained for CD4, CD8, CD3, and V␤3 and then analyzed by flow cytometry. Any mouse in the CD8-depletion group with Ͼ5% CD8 ϩ cells was not used, although typically Ͻ2% CD8 ϩ cells were detected in the spleen. The data are from three separate experiments, and each point is data from a single mouse. The gray bar represents the average. (b) Spleen cells from the CD8-depletion group (F) and the CD8 intact control group (E) were pooled separately for a 3-day proliferation assay. Thymidine incorporation was measured in response to 0.1 g͞ml SEA and either 20 g͞ml anti-TGF-␤ (ᮀ) or control Ig (circles), starting with 500,000 cells followed by 2-fold dilutions. The data show the mean cpm Ϯ SD from triplicate cultures. Data are representative of two experiments. (c) Mice were immunized with SEA͞anti-4-1BB͞LPS, and 7 days later spleen cells were tested for their ability to incorporate the apoptotic process. This may explain why we were able to detect varying levels of TGF-␤ in all cultures by ELISA (data not shown). Nonetheless, a neutralizing anti-TGF-␤ mAb was able to block suppression (Fig. 4 b and c) . Therefore, it is possible that the reduction of blastogenesis and proliferation of our primed cells may be a function of TGF-␤ release (or membrane-bound) and death induction. How this mechanism operates in vivo is unclear, but it is known that tumor cells can guard themselves against attack from the immune system by assembling an immunosuppressive environment through the secretion of TGF-␤ (41), which may be augmented by tumor cell apoptosis (35) .
In our previous studies, we showed that OX40 costimulation in combination with LPS enhanced CD4 T cell clonal expansion and survival over that of CD8 T cells (9) . The same is true for CD40, which is in direct contrast to the data shown in this study concerning 4-1BB (32) . The data in Table 1 show that 4-1BB costimulation had a potent rescuing effect on CD8 T cells as opposed to CD4 T cells (line 2). This difference was enhanced further in the presence of LPS or PIC (lines 4 and 6). In the case of SEA͞LPS-immunized mice, rescue of the CD4 SEA-specific T cells was enhanced over that of the SEA͞4-1BB-treated mice, which suggests that LPS likely is operating through more than just 4-1BB costimulation (21) . Thus, it is possible that costimulatory molecules have evolved for optimized function in specific T cell subpopulations. In the case of 4-1BB, this is particularly important to resolve because based on the data in this article, CD8 T cells primed with 4-1BB can have suppressive effects on CD4 T cells. Therefore, 4-1BB may activate CD4 T cells, but activation is masked in the presence of CD8 T cells. Our in vivo CD8-depletion data show that CD4 T cells respond better in the absence of CD8 T cells (Fig. 4 a and b) , and the in vitro data extend these observations by demonstrating that normal CD8 T cells do not suppress the CD4 responses (Fig. 3) .
Although these data may harken back to earlier ideas of CD8 suppressor T cells (42, 43) , it is more likely to reflect that 4-1BB costimulation induces TGF-␤ release possibly by inducing death. One can envision this as a mechanism of modulating viral immunity, such as that during lymphocytic choriomeningitis virus or HIV infection, where the virus can infect CD4 T cells, which, in turn, can present MHC class I viral peptides (44) . Thus, although the readout of the proliferative response is suppression, the actual mechanism may be dominance of one effector activity (cytotoxicity and TGF-␤ release) over another. This may explain why a therapeutic anti-4-1BB mAb can have immune-boosting and immune-suppressing effects at the same time. Uncovering how to control one activity over the other likely will have important therapeutic value.
